Landscape evolution in the middle Heihe River Basin during the last decade was investigated by two methods: (a) the changes of various landscape metrics were analysed using the landscape structure analysis program FRAGSTATS; (b) the transition matrix of landscape patch types was calculated with the help of the GIS software, IDRISI. The results showed that from early 1980s to late 1990s, the landscape within the study area has undertaken a complicated evolution in landscape structure and composition, but as a whole it still displayed a pattern of sharp contrast between oasis and desert landscapes. The human activities have significantly changed the distribution and allocation of limited water resource in the basin, leading to a contradiction between desertification and expansion of oases. The decrease of Shannon's diversity index and evenness index manifested intensive management and reconstruction of landscape by human beings. While this improved the socio economic benefits of the region, it reduced landscape heterogeneity and landscape diversity, leading to the decrease of environmental benefits of some areas in the basin.
Introduction
Landscape structure and composition evolves continuously in space and time. These evolutions are attributable to the complex interaction between natural environment, various organisms, and human activities, resulting in the change of the stability of individual elements in the landscape system and the spatial structure of the landscape (Xiao et al., 1990; Li, 1997) .
In this paper, the landscape evolution in the middle Heihe River Basin during the last decade is investigated. This area is located in the piedmont plain of the Qilian Mountains. It has been a densely populated region from ancient times and has an agricultural development history of over 2000 years since this area owns flat land, adequate sunlight, and convenient water diversion condition (Cheng & Qu, 1992) . Especially over the past decades, local people constructed water conservancy projects, reclaimed wasteland, improved the soils, and thus formed today's large area of irrigation oases. These oases have become an important commodity grain base in north-west China and hold an increasingly important social and economic position. Accordingly, the study on the landscape changes in this active area can improve our understanding of the relationships between landscape structure and natural environment, and human activities, help to define the magnitude and direction of landscape changes caused by human interfering activities, and thus provide an important scientific basis for the sustainable development of the region.
The landscape evolution in the middle Heihe River Basin was qualitatively analysed by some investigators (Cheng et al., 1999; Wang et al., 1998) . It is characterized by gradual differentiation of desertification processes and expansion of oases. The driving forces are firstly attributable to the most persistent natural factor in the area, the arid climate; and then attributable to the leading factor, the quantity and distribution of water resource. With continuous socio-economic development and increase in population density, human activities have become the much more active force promoting the landscape changes in the area. That is, the oases in the region are now predominantly man-made. They have greater variability than natural ones. These artificial oases receive significant influences from the interference of human activities and other socio-economic conditions. Particularly, even the short-term political and socio-economic policies might produce decisive influences.
In this paper, two kinds of quantitative methods are used to study the landscape evolution in the middle Heihe River Basin during the last decade. One method is to analyse landscape structure change based on various landscape metrics by using the landscape structure analysis program FRAGSTATS; the other method is to define the mutual transition regimes of various landscape patch types by establishing a transition matrix with the help of the GIS software, IDRISI.
Background of the middle Heihe River Basin
The Heihe River basin is the second largest inland river basin in the arid region of north-west China. It is located between 96142 0 -102100 0 E and 37141 0 -42142 0 N and covers an area of approximately 128,000 km 2 . The middle part of the Heihe River Basin constitutes the primary part of the Hexi corridor plain in Gansu Province, with an area of 17,000 km 2 (Fig. 1) . Sandwiched between the southern Qilian Mountains and the northern Mazong Mountains, the middle Heihe River Basin receives an annual precipitation varying from 250 mm in the south mountainous area to less than 100 mm in the north highplain area. Zonal soil types in the area include gray-brown desert soil and gray desert soil. Azonal soil types include irrigation-warping soil, saline soil, meadow soil, bog soil, and brown sand soil. Most common vegetation encountered in the area is temperate dwarf shrub and subshurb desert vegetation dominated by Chenopodiaceae, Zygophyllaceae, Ephedranceae, Asteraceae, Poaceae, and Leguminosae. Under the influence of the water resource distribution and human activities, there are crops and afforested forest distributed on the piedmont lower alluvial fan and fluvial plain in the middle part of the reaches of the river.
Data and Methods

Landscape maps of two periods in the study area
Data used in this study were mainly obtained from two land-use maps of different periods in the Heihe River basin. One is a 1:500,000 land-use map of the Hexi Corridor published in 1985, which was compiled with the help of rectified aerial photographs and 1:100,000 topographic maps in late 1970s and field investigations from 1980 to 1984 (Cheng & Qu, 1992) . Another map used is the 1:500,000 land-use map of the Heihe River Basin (Xiao, 1999) , which was compiled based on a hard-copy mosaic of 11 Landsat Thematic Mapper (TM) images during the summer season of 1997. Because these two thematic maps used different map projections, we used the GIS software ARC/INFO to make co-ordinate transformations and thereby transformed them into the same geographic co-ordinate system defined by the Albers equal-area map projection. The registration results of these two maps are ideal and have a system error within 100 m. The compilation of landscape maps was based on a map generalization method. We first formulated a classification system of the landscape patch types in the middle Heihe River Basin, within which a total of 15 types were identified (Table 1) . Then, with the support of the GIS software ArcView 3?0a, we compiled the landscape maps of the Heihe River Basin for the two periods by reclassifying the 66 land-use types into 15 patch types and dissolving the polygons with the same type. The detailed procedures were described by Li et al. (2001) . Finally, we clipped the two landscape maps with the map of landscape zones of the middle Heihe River Basin (Li et al., 2001) , and therefore obtained the landscape maps of the middle Heihe River Basin in the two periods. An important principle used in the delineation of landscape zones is that the patch integrity must be ensured, i.e. an entire patch polygon should not be divided into several polygons when performing map clipping. By doing so, the edge of landscape zones is ensured to be the edge of patches thus ensuring the accuracy of landscape indexes. Figure 2 (a, b) represents the landscape maps of the middle Heihe River Basin in 1985 and 1997. In Fig. 2 (a) there are only 12 patch types. This is because on the land-use map in 1985, there were no middle-mountain meadow and desert steppe. In addition, the residential area was not a class since cities and towns were not well developed at that time.
Establishment of the transition matrix of landscape patch types
To define the transition of landscape patch types in the middle Heihe River Basin over the last decade, we used the Crosstab module in the GIS software IDRISI to calculate both the transition matrix and the cross-classification map. The procedures are as follows:
(1) Convert the landscape maps in vector format into gridded maps. The resolution of the gridded maps was chosen as 250 m to ensure that the (2) Use the Crosstab module in IDRISI to calculate the cross-tabulation table, which was output as a transition matrix ( Table 2 ). The element P ij in the matrix represents the transition ratio from the ith patch type in 1985 to the jth patch type in 1997. (3) While calculating the transition matrix, the Crosstab module can also produce a cross-classification map, which expresses the where and how of the transition. Among the 180 possible transitions (12 types in 1985 Â 15 types in 1997), 116 were effective transitions and others were just 0.
Obviously, it was difficult to display and analyse this very complex transition map, so we generalized the 116 transitions into 15 types of major and important transitions in accordance with two principles: (a) The new map should illustrate the intensive differentiation of two dominant patch types, the farmland and the desert; (b) it should be favorable to analyse the change of two basic contradiction processes, i.e. the expansion of oasis and the desertification. (4) For easy mapping, the transition map was exported to the ArcView 3.0a software (Fig. 3 ). (McGarigal and Marks, 1994) . We used the raster version in this study to ensure that a great number of metrics can be calculated. In addition, we computed two groups of metrics: (1) the class level, which means each patch type in the landscape mosaic; (2) the landscape level, which means the landscape mosaic as a whole. FRAGSTATS is capable of calculating more than 40 landscape metrics. However, many of them can be highly correlated (Environmental Protection Agency, 1994; Riitters et al., 1995) so that an important principle is to select uncorrelated metrics. In our analysis of the landscape structure of the middle Heihe River Basin at the class level (Table 3) , nine indices were selected: class area, percent of landscape, number of patches, mean patch size, area-weighted mean shape index, area-weighted mean patch fractal dimension, mean nearest-neighbor distance, mean proximity index, and interspersion and juxtaposition index. For the analysis of landscape structure at the landscape level (Table 4) , 13 indices were selected: total landscape area, largest patch index, number of patches, mean patch size, area-weighted mean shape index, areaweighted mean patch fractal dimension, mean nearest-neighbor distance, mean proximity index, patch richness, Shannon's diversity index, Shannon's evenness index, interspersion and juxtaposition index, and contagion index. The definition and description of these indices in FRAGSTATS are given by the FRAGSTATS user's guide (McGarigal & Marks, 1994) .
Calculation of landscape metrics
Results and analysis
Comparison of landscape metrics
Comparison of landscape metrics at class level
In Table 3 we compare the change of landscape metrics at class level. Landscape evolution is also illustrated in Fig. 2 . These results showed the following. Irrigated farmland is the highest variable landscape patch type: its area increased from 407,981 ha in 1985 to 505,150 ha in 1997, whereas its number of patches decreased from 132 to 84 and the mean patch size was almost twice the original value (Table 3 ). The mean proximity index of the patches increased, but the interspersion and juxtaposition index decreased. The changes of these metrics reflect that the distribution of irrigated farmland in the middle Heihe River Basin was more fragmentary in the early 1980s: the mean patch grain size was smaller but the discrete degree among patches was higher than today. Through more than 10 years of reclamation and irrigation not only did the irrigated farmland expand by nearly 100,000 ha but also the newly reclaimed farmland tended to surround the old farmland and finally joined together to form strips. Consequently, the patch grain size became larger and fragmentation degree evidently declined, thus resulting in the leading position of irrigated farmland in the whole landscape mosaic. All these changes showed that agricultural development in the area was rather intense.
Desert is the patch type with the largest area and the coarsest patch grain size in the region. An interesting feature is that the changes of various metrics showed an opposite tendency as compared with the irrigated farmland. For instance, the desert area percentage in the total landscape area decreased from 42?0% in 1985 to 37?9% in 1997. Patch number increased, mean patch grain size decreased by two times, mean proximity index of the patches was less than one-third of the corresponding value in 1985, but the interspersion and juxtaposition index increased. Such growth and decline changes in irrigated farmland and desert areas resulted from building water conservancy projects and transforming desert areas into cultivated land in the last decade.
Except for irrigated farmland and desert, the bare gobi is another highly variable patch type. In the last decade the bare gobi area expanded by 64,000 ha; its area percentage increased dramatically from 5?8% in 1985 to 9?2% in 1997 in the total landscape area. Patch number decreased from 22 to 8, but the mean patch area increased by about five times. The mean proximity index of the patches increased, but interspersion and juxtaposition index significantly reduced. The development of bare gobi area, compared to the expansion of oases, displayed a contrary process in the region, that is, the desertification. Other patch types also had notable variation. For instance, the area of meadow increased by about 60,000 ha during the last decade. Its percentage in the total landscape area increased from 3?7% to 7?0% and the patch number increased from 18 to 47. The expansion of meadow mainly occurred around the Minghua Salt pond and along the Heihe River (Fig. 2) , this is closely related with the plentiful water resources. The marsh showed reversal changes. Its area decreased to about one-third of that in 1985. Patch number decreased from 43 to 3 and the mean grain size was four times as large as the original one. It is interesting that no marsh existed in the Minghua Salt Pond area in 1985, but two pieces of large marsh patches appeared in 1997. This dramatic change is because in recent years people diverted large quantity of water to wash out soil salts and accordingly the accumulated water resulted in the development of new marshes. Furthermore, this also caused a significant decrease of halophytes on salinized meadow soils and salt desert. The salinized meadow decreased by about onethird and salt desert decreased by nearly 40,000 ha.
Comparison of landscape metrics at landscape level
Comparison of the change of landscape metrics at landscape level (Table 4) shows the following.
In the last decade the patch number in the middle Heihe River decreased from 341 to 275 and the mean patch area expanded by about 1600 ha, showing that many original patches merged into larger ones and landscape heterogeneity declined. This is also proven by the change of Shannon's diversity and evenness indexes, both of which became smaller. The spatial context of landscape patches also had significant changes. For instance, the mean nearest-neighbor distance extended by 1?3 km and the mean proximity index decreased, displaying that the spatial distribution of patches became more discrete. In addition, the interspersion and juxtaposition index became smaller and the contagion index became larger, illustrating that the spatial distribution of various patches in the landscape became clumped, and the dominance of one or several patch types increased and had an even greater connectivity.
Results on the transition of landscape patch types
The magnitude and the direction of changes in landscape are the most important factors relating to landscape evolution (Antrop, 2000) . From comprehensive analysis of Table 2 and Fig. 3 , the following results were obtained.
Although the transitions among different patch types were quite complex in the middle Heihe River Basin during the last decade (Table 2) , the entire landscape still remained a pronounced differentiation between desert landscape (desert, bare gobi, and sandy desert) and oasis landscape (irrigated farmland, nonirrigated farmland, and other natural oasis types). Desert and irrigated farmland were not only the types with the highest predominance but also the types with the least transition frequencies. From 1985 to 1997, 70% of original desert kept unchanged, the rest mainly turned into bare gobi (14?9%) and irrigated farmland (9?3%). Among the irrigated farmland, unchanged area occupied 72?3%, whereas 14% turned into desert. Various types of transition occurred in the oasis zone, demonstrating that the oasis environment in the arid region is variable.
The desert-oasis landscape is characterized by another phenomenon. There is a long transitional zone between desert and farmland, where desert-transformed farmland and farmland-transformed desert co-exist. This zone displays a remarkable fragmentary distribution and complex shape. We noticed that in this zone a total of 59,825 ha of desert turned into farmland and 56,618 ha of farmland turned into desert, having similar transformation intensities but in opposite directions. This indicated that the transitional zone is the most sensitive zone to the two contradiction processes, namely the desertification and expansion of oasis. The growth and decline of these two opposite processes in the transitional zone are dependent on the variability of water resource.
The type transition of steppe is shocking. In the south-east corner of the region as well as the outer edge of the Qilian Mountains were located some high-quality grasslands (steppe) with a total area of 75,033 ha in 1985, but only 25?5% was left by 1997, 22?3% turned into nonirrigated farmland, 23?8% turned into irrigated farmland, and 27?5% turned into desert. These changes showed that in the last decade, people converted grassland into cropland in this region. Such detrimental activities reduced available rangeland and led to severe degradation of rangeland. This threatened the sustainable development of forestry and grazing in the mountainous area.
The Minghua Salt Pond region also displayed notable and complex transitions of patch types. For instances, about 41?2% of salinized meadow, 35?3% of salt desert, 15?6% of bare gobi, 9?3% sandy desert, and 2% of desert turned into meadow (Fig.  3) . As a result, the meadow area increased from 59,406 ha in 1985 to 119,706 ha in 1997. The new meadows were created by diverting water to wash out soil salts. On the other hand, opposite directional evolution occurred near this area (Fig. 3) . There are three large desertification patches around the Minghua Salt Pond, one patch is a desert transformed from meadow and salinized meadow, another is a salt desert transformed from meadow, and the third was originally a marsh in 1985 but has now became entirely engulfed by desert.
Another kind of significant transition occurred along the long and narrow farming and grazing cross-bedding belt in the Jiuquan and Zhangye regions. There are seven large tracts of desert-transformed bare gobi patches distributed in the region, with a total area of 93,006 ha, showing that in the last decade the transformation rate of bare gobi from desert has further been accelerated. These patches tend to be distributed in continuous strips with coarse grain size as well as mean grain size becoming larger and mean proximity index enhanced. All these indicated that the connectivity and a aggregation degree among bare gobi patches increased. Apparently, such a strong expansion trend of bare gobi will constitute potential environment pressure on the animal husbandry development in the Sunan region.
Conclusion and discussion
The changes of landscape structure and composition in the middle Heihe River Basin were investigated in this paper. The results showed that landscape evolution in the region is characterized by two opposite processes, namely oasisification (expansion of oasis) and desertification. On the one hand, people reclaimed about 100,000 ha of new irrigated farmland in the last decade and farmland patches joined together to form bigger oases. This led to a more important position of irrigated farmland in the whole landscape mosaic. Oases also had significant variations in composition, 30% of them changed to other types. On the other hand, the area of desert decreased, but this does not mean that desertification decelerated in the region because most of the desert patches turned into more deserted type, the bare gobi. As a result, the aggregation degree of bare gobi increased, threatening the development of the rangelands nearby. An interesting phenomenon is that in the transitional zone between oasis and desert, landscape evolution was very active and the growth and decline of oases and deserts were maintaining a dynamic balance. Additionally, the heterogeneity of the whole landscape declined. This was demonstrated by the change of various landscape metrics in both the class and landscape levels.
The results also suggested that human activities have great impacts on the landscape evolution in this region. We can conclude that: (1) the limited water resource (LIGG, 1999 ) is a restriction for landscape evolution. For instance in the transitional zone, 59,825 ha of desert was reclaimed into farmland but in the meanwhile 56,618 ha of farmland turned into desert. This can only be explained by the fact that the water resource in the zone is limited. (2) The reclaim in the region had turned some grassland into farmlands. This on the one hand improved economic benefits, but on the other hand depressed landscape heterogeneity. (3) Improvement of salinized soils resulted in landscape diversity in the Minghua Salt Pond area. New meadow and marshes were brought out in the area.
From these conclusions we learned that agricultural development and water resource utilization in this fragile arid region will soon lead to landscape changes, some of which as the evolution to desert landscape is uneasy to be restored. Therefore, in any development we should give special considerations to protect landscape diversity and to seek both economic and environmental benefits.
Viewed methodologically, the results showed that the landscape metrics in the FRAGSTATS are effective for characterizing landscape vulnerability and disturbance associated with human-induced and natural impacts (Environmental Protection Agency, 2000) . Meanwhile, the transition matrix and transition map of landscape patch types are helpful tools to analyse the changes of landscape structure and composition. However, some problems should be paid attention to. One problem is the scale: some investigations showed that the analysis of landscape structure and change are closely related to scale (Wu & Loucks, 1995; Chang & Wu, 1998) . Landscape range and patch grain size define the maximum and minimum resolution of the study (Turner et al., 1989; Wiens, 1989; McGarigal and Marks, 1994; Dobson et al., 1997) . Different scales and grid resolutions may produce different calculation results of landscape indexes and further affect the analytical results of landscape structure. Hence, caution should be taken in comparing landscapes in a variety of scales. Another problem is the data sources. The data used in this paper came from two different periods of land-use maps in the Heihe River basin, which were compiled based on TM hard-copy images, topographic maps, and field investigations. Therefore, landscape maps and analytical results of landscape structure and change used in this paper were directly restricted by the resolution of various data sources and the classification system of the thematic maps. In future studies, we should directly use remote-sensing digital images from the same sources and in the same season. By using this kind of data, spatial co-ordinates can be strictly registered and classification system of landscape patch types is more consistent (establish automatic remotesensing classification), so we can calculate and analyse the landscape structure indexes and study or predict the dynamical changes of landscape more precisely.
